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Rapid de novo assembly of the 
European eel genome from 
nanopore sequencing reads
Hans J. Jansen1, Michael Liem2, Susanne A. Jong-Raadsen1, Sylvie Dufour3, Finn-Arne 
Weltzien   4, William Swinkels5, Alex Koelewijn5, Arjan P. Palstra6, Bernd Pelster7, Herman P. 
Spaink2, Guido E. van den Thillart1, Ron P. Dirks1 & Christiaan V. Henkel   2,8,9

We have sequenced the genome of the endangered European eel using the MinION by Oxford 
Nanopore, and assembled these data using a novel algorithm specifically designed for large eukaryotic 
genomes. For this 860 Mbp genome, the entire computational process takes two days on a single 
CPU. The resulting genome assembly significantly improves on a previous draft based on short reads 
only, both in terms of contiguity (N50 1.2 Mbp) and structural quality. This combination of affordable 
nanopore sequencing and light weight assembly promises to make high-quality genomic resources 
accessible for many non-model plants and animals.

Just ten years ago, having one’s genome sequenced was the privilege of a handful of humans and model organ-
isms. Spectacular improvements in high-throughput technology have since made personal genome sequencing 
a reality and prokaryotic genome sequencing routine. In addition, sequencing the larger genomes of non-model 
eukaryotes has opened up a wealth of information for plant and animal breeding, conservation, and fundamental 
research.

As an example, we and others1–3 have previously established genomic resources for the European eel (Anguilla 
anguilla), an iconic yet endangered fish species that remains resistant to efficient farming in aquaculture4, 5. A 
draft genome2, several transcriptomes1, 3–10, and reduced representation genome sequencing11 have already shed 
light on its evolution and developmental biology2, 12, 13, endocrinological control of maturation7, 9, metabolism14, 
disease mechanisms10, and population structure15, 16, thereby supporting both breeding and conservation efforts. 
However, compared to established model organisms, funds for eel genomics are naturally limited, and con-
sequently the quality of current genome assemblies of Anguilla species is modest at best by today’s standards 
(Table 1).

The recent availability of affordable long-read sequencing technology17, 18 by Oxford Nanopore Technologies 
(ONT) presents excellent opportunities for generating high-quality genome assemblies for any organism19. Flow 
cells for the miniature MinION sequencing device employ a maximum of 512 nanopores concurrently for read-
ing single-stranded DNA at up to 450 nucleotides per second, resulting in several gigabases of sequence during 
a two day run. As the technology does not rely on PCR or discrete strand synthesis events, DNA fragments can 
be of arbitrarily long length. The single-molecule reads are of increasingly good quality, with a sequence identity 
of ~75% for the older R7.3 chemistry17, to ~89% for the newer R9 chemistry (MinION Analysis and Reference 
Consortium, in preparation). Optionally, DNA can be read twice (along both strands) to yield a consensus ‘2D’ 
read of higher accuracy (up to ~94% for R9).

Long-read sequencing technology is also offered by Pacific Biosciences (PacBio). This platform employs 
advanced optics to detect a polymerase operating on single DNA molecules, and has been commercially available 
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since 2011. Both long-read technologies deliver roughly comparable quality and data volumes. PacBio sequencing 
has the advantages of an established, stable platform (which includes bioinformatics), as well as less bias in the 
error profile. Advantages of ONT include the much lower equipment cost, and currently rapidly improving qual-
ity, read length and throughput. Comprehensive comparisons of both technologies are scarce20.

In contrast to short reads, long reads offer the possibility to span repetitive or otherwise difficult regions in the 
genome, resulting in strongly reduced fragmentation of the assemblies. This potential advantage does require the 
deployment of dedicated genome assembly algorithms that are aware of long-read characteristics. In addition, as 
single-molecule long-read technologies (by both PacBio and ONT) do suffer from reduced sequence identity, this 
likewise needs to be addressed by post-sequencing bioinformatics21–23. Dealing with these challenges has reinvig-
orated research into genome assembly methodology, resulting in several novel strategies24–28.

However, when dealing with large eukaryotic genomes, the computational demands for long-read assembly 
are often higher than for short reads (using De Bruijn-graphs), even though the raw data are more informative 
of genome structure. Especially now that sequencing very large plant and animal genomes is finally becoming 
both technologically feasible and affordable, the computational costs may turn out to be prohibitive. For exam-
ple, using the state-of-the-art Canu assembly software25, assembling a human genome from long reads takes 
tens of thousands of CPU hours, or several days on a computer cluster (https://genomeinformatics.github.io/
NA12878-nanopore-assembly). As scaling behaviour is approximately quadratic with genome size, assembling a 
salamander29 or lungfish30 genome dozens of gigabases long would require several years on a cluster.

We are currently developing a computational pipeline specifically intended for future sequencing of extremely 
large tulip genomes31 (up to 35 Gbp). Named TULIP (for The Uncorrected Long-read Integration Process), its pri-
mary purpose is to split up such large assembly problems into manageable subsets of long reads. Each subset can 
then be handled by a separate downstream de novo assembly process, in theory substituting quadratic scaling with 
nearly linear behaviour. Here, we use a prototype of this algorithm to assemble a new version of the European 
eel genome, based on Oxford Nanopore sequencing. The entire computational procedure takes two days on a 
desktop computer, and yields an assembly that is two orders of magnitude less fragmented than the previous 
Illumina-based draft.

Results
Eel genome sizes and previous assemblies.  Before launching a genome sequencing effort, an estimate 
of the size of the genome of interest is needed. For the genus Anguilla, several studies have used flow cytometry 
and other methods to arrive at C-values ranging from 1.01 to 1.67 pg (http://www.genomesize.com), correspond-
ing to haploid genome sizes in the 1–1.6 Gbp range for both A. anguilla and A. rostrata. We previously estimated 
a genome size of approximately 1 Gbp for A. anguilla, using human cells as a reference2.

Based on their assembled genomes, Anguilla species exhibit a similarly wide range of apparent genome sizes 
(see Table 1). These draft assemblies are all based on previous-generation short-read technology, and relied on 
Illumina mate pairs to supply long-range information used in scaffolding. The resulting assemblies remain highly 
fragmented, with low N50 values even considering the technology used.

We therefore examined k-mer profiles in the raw Illumina sequencing data, which can provide an estimate 
of the length of the haploid genome32, 33. Surprisingly, the predicted genome sizes are considerably – but consist-
ently – smaller than previously estimated or assembled (Table 2 and Supplementary Fig. S1). In addition, all three 
examined genomes contain high levels of heterozygosity.

Nanopore sequencing.  We isolated DNA for long-read sequencing from the blood and liver of a fresh 
female European eel. Using three different generations of the ONT chemistry for the MinION sequencer, we 

Species Reference
NCBI WGS 
reference

Assembly 
methods

Contigs/
scaffolds sum

Contig/scaffold 
N50

Scaffold 
gaps

A. anguilla 2 AZBK01 CLC 
bio + SSPACE 969/923 Mbp* 1.7/77.6 kbp 134 Mbp

A. japonica 34 AVPY01 CLC 
bio + SSPACE 1.13/1.15 Gbp* 3.3/52.8 kbp 127 Mbp

A. rostrata 37 LTYT01 Ray + SSPACE 1.19/1.41 Gbp 7.4/86.6 kbp 223 Mbp

Table 1.  Previous genome assemblies of Anguilla species. *Not all contigs obtained by de novo assembly were 
used in scaffold construction.

Species Haploid genome size*
Repetitive 
fraction*

Heterozygous 
fraction*

A. anguilla 854.0–866.5 Mbp 15.5–20.0% 1.48–1.59%

A. japonica** 1.022 Gbp 38.7% 2.74%

A. rostrata 799.0–813.0 Mbp 12.2–16.9% 1.50–1.60%

Table 2.  Anguilla genome size predictions. *Ranges are the minimum and maximum values reported for 
three model fits at different k-mer lengths. Apparent repetitive sequence decreases with k-mer length, and 
heterozygosity increases with k-mer length. **For A. japonica, the model did not converge in most cases, 
presumably because of low coverage. These results are for k = 19.

https://genomeinformatics.github.io/NA12878-nanopore-assembly
https://genomeinformatics.github.io/NA12878-nanopore-assembly
http://www.genomesize.com
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generated 15.6 Gbp of raw shotgun genome sequencing data (see Fig. 1 and Supplementary Table S1). Assuming 
an 860 Mbp haploid size, this corresponds to approximately 18-fold coverage of the genome. The bulk of the 
sequence is in long or very long reads (up to hundreds of thousands of nucleotides), although a fraction is com-
posed of very short reads or artifacts (e.g. 6 bp reads, Fig. 1). We used all raw reads for subsequent genome 
assembly.

Assembly strategy.  We assembled the long nanopore sequencing reads using a prototype of an assembly 
strategy we are developing for very large genomes (M. Liem and C. Henkel, in preparation), named TULIP. Briefly, 
it takes two shortcuts compared to the established hierarchical approach21, 25. First of all, like Miniasm27, TULIP 
does not correct noisy single-molecule reads prior to assembly. Secondly, it does not perform an all-versus-all 
alignment of reads, but instead aligns reads to a sparse reference (of ‘seed’ sequences) that is representative for 
the genome. The result is a ‘seed graph’, which can be used to either partition the original long reads into many 
independent subsets for subsequent de novo assembly, or to immediately extract uncorrected scaffold sequences 
from. Here, we have chosen to use the latter functionality, and employed stand-alone post-assembly consensus 
applications to correct the resulting scaffolds.

Figure 2a illustrates all the steps we have taken during de novo assembly of the European eel genome. We 
employed previously generated Illumina shotgun sequencing reads as sparse seeds. Using a k-mer counting table, 
we identified merged read pairs that are suitably unique in the genome. Using strict criteria (see Methods), we 
could select 5019778 fragments of 270 bp, or 873058 of 285 bp, corresponding to 1.58-fold or 0.29-fold coverage 
of the genome, respectively. We subsequently used several random subsets of these fragments as a reference to 
align long nanopore reads against.

Using a custom script, we constructed a graph based on these alignments, in which the seed sequences are 
nodes, and edges represent long read fragments (Fig. 2b). A connection between two seeds indicates they co-align 
to a long read, and are therefore presumably located in close proximity in the genome. In theory, perfect align-
ments of very long reads to unique seeds should be sufficient to organize both sets of data into linear scaffolds.

Figure 1.  Nanopore sequencing. Shown are the sequenced fragment size distributions for the (a) R7.3 
chemistry 2D reads, (b) R9 chemistry 1D reads, (c) R9 chemistry 2D reads and (d) R9.4 chemistry 1D reads. 
Dotted lines indicate the minimum (542 bp) and typical (1270 bp) read lengths that can be used for linking 
two seeds in the 0.29× overage 285 bp set. The minimum length is 2 × 285 bp with no more than 10% overlap 
between seeds. The typical length assumes an average of one seed per 985 bp (genome size divided by number of 
seeds).

http://S1
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However, because of the errors still present in long nanopore reads, the alignments are imperfect, with missed 
seed alignments making up the bulk of ambiguities in the seed graph (i.e. forks and joins in the seed path). 
Additional uncertainties are introduced by spurious alignments and residual apparently repetitive seeds. The 
tangles these cause in the graph can be recognized locally, and are removed during a graph simplification stage 
(Fig. 2c). TULIP will visit every seed that has multiple in- or outgoing connections, and attempt to simplify the 
local graph topology by removing connections. For example, if a single seeds fails to align to a single nanopore 
read, this will introduce a ‘triangle’ in the graph (Fig. 2c, top example), in which the neighbouring seeds now 
share a direct connection (based on that single read). If the intermediate seed fits between the neighbouring 
seeds, TULIP will then remove the connection spanning the intermediate seed. If after this stage a seed still has 
too many connections, it might represent repetitive content and its links are severed altogether (Fig. 2c, second 
example).

Finally, unambiguous linear arrangements of seeds can be extracted from the graph. Figure 3 illustrates a 
small fragment of the actual seed graph, with final linear paths (scaffolds) and removed connections indicated. 
These ordered seed scaffolds do not yet contain sequence data. These can subsequently be added from the orig-
inal nanopore reads and alignments, resulting in uncorrected scaffold sequences. The scaffolds are exported 
bundled with their constituent nanopore reads, and can be subjected to standard nanopore sequence correction 
procedures.

Assembly characteristics.  We used several combinations of short seed sequences and aligned nanopore 
reads to optimize the assembly process. In most cases, we did not complete the entire assembly process by adding 
actual nanopore sequence. Therefore, distances between seeds (and scaffold lengths) are means based on multi-
ple nanopore reads. Adding specific sequence (and subsequently correcting scaffolds) can change these figures 
slightly. Supplementary Table S2 lists the assembly statistics for these experimental runs.

Both the contiguity and size of the assembly clearly improve upon adding more nanopore data (Fig. 4a,b). This 
suggests that at 18-fold coverage of this genome, and using the particular blend of data types available here, the 
assembly process is still limited by the total quantity of long read data.

Figure 2.  Assembly strategy. (a) Stages in the TULIP assembly of the European eel genome. (b) Graph 
construction based on long read alignments to short seeds. Seeds are included in the graph as nodes if they align 
adjacent to each other to a long read. The apparent distance between the seeds is included as an edge property, 
as is the amount of evidence (i.e. number of alignments supporting the connection). (c) The initial seed graph 
based on alignments contains ambiguities, caused by missed alignments, repetitive seed sequences and spurious 
alignments. These are removed during the initial layout process, resulting in linear scaffolds. Where possible, 
these scaffolds are subsequently linked by further unambiguous long-distance co-alignments to long reads.

http://S2
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For the seeds, we investigated the effects of seed length (270 or 285 bp), as well as seed density (fractions and 
multiples based on the 873058 fragments available at 285 bp). There does not appear to be a clear advantage to 
choosing either 270 or 285 bp seeds. At identical densities, the two possibilities yield comparable assemblies in 
terms of size and contiguity.

For seed density, there does appear to be an optimum. As expected, low densities result in fragmentation and 
incompleteness (Fig. 4c,d). The assemblies with the highest seed density (1.3 or 1.7 million 270 bp sequences) 
do yield the highest N50 and assembly sum, but also exhibit increased fragmentation compared to lower seed 
densities. As Fig. 4c shows, the main difference with those assemblies is the appearance of many small scaffolds at 
high seed numbers. Accidentally, in this case the optimal seed density is around the ‘full’ set of 873058 fragments, 
of either 270 or 285 bp. Both also yield an assembly that is close to the estimated genome length. We selected the 
285 bp version as a candidate for an updated reference genome for the European eel.

Figure 4 summarizes several characteristics of the candidate assembly (before sequence addition or correction). 
The length distribution of the 2366 scaffolds (Fig. 4a) shows they range in size between 431 bp and 8.7 Mbp. The 
lower boundary is expected, as a minimal scaffold has to consist of at least two 285 bp seeds, and the graph con-
struction was executed with parameters allowing limited overlap between seeds. The cumulative scaffold length 
distributions (Fig. 4c) show that a considerable fraction of the genome is included in large scaffolds, with 232 scaf-
folds larger than a megabase constituting 56% of the assembly length. Seeds in the final scaffolds are connected by 
on average 7.4 nanopore read alignments. As can be seen in Fig. 4e, links removed during the graph simplification 
stage (mostly based on local graph topology only) were predominantly those supported by less evidence.

The final assembly retains 637792 seeds of 285 bp, equivalent to a maximum of 181.8 Mbp of Illumina-derived 
sequence. If the seed distribution is assumed to be essentially random (with local genomic architecture responsi-
ble for exceptions), the initial 873058 seeds should be spaced at a mean interval of 700 bp. As seeds are removed 
during simplification, larger ‘gaps’ filled with nanopore-derived sequence should appear. However, as Fig. 4f 
shows, gap lengths are heavily biased towards low and negative lengths (i.e. overlapping seeds). In this case, this 
could be an artifact of the very stringent seed selection procedure.

Figure 3.  Graph simplifications. Scaffolds were extracted from a graph consisting of seed sequences (nodes) 
linked by nanopore reads (edges). Here, a small final scaffold (number 2231, 252.2 kbp) is shown in red in the 
context of the initial seed graph (all seeds at a distance of up to ten links from the final scaffold). Fragments of 
ten other scaffolds (blues) are directly or indirectly connected to scaffold 2231 by a few incorrect links (dotted 
lines). Seeds and links removed during graph simplification are shown in grey. Scaffolds can be discontinuous 
in the initial graph, as additional long-distance links are added in a later stage. The graph was visualized using 
Cytoscape (version 3.4.0).
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Assembly quality.  In order to assess its completeness and structural correctness, we added nanopore 
sequence to the selected TULIP assembly and aligned it to the Illumina-based draft genome2. As a high-quality 
reference genome for the European eel is not yet available, such a comparison need take into account the possi-
bility of error in either assembly. However, with appropriate caution, agreement between the assemblies – which 
are completely independent in both sequencing data and assembly algorithms – can confirm the integrity of both.

Figure 4.  Characteristics of the final assembly. (a) Size distribution of final scaffolds, based on 285 bp seeds. 
Colours indicate alternative assembly runs, using subsets of the long read data. (b) Cumulative size of the final 
scaffolds, sorted by size. (c) and (d) Size distributions and cumulative size distributions for final scaffolds, 
based on both 270 and 285 bp seeds. Colours indicate alternative assembly runs, using different seeds sets. (e) 
Link evidence distribution in the initial graph (purple) and the final graph (orange) for the candidate assembly 
(285 bp seeds). (f) Distances between seeds in the initial graph (purple) and the final graph (orange) for the 
candidate assembly (285 bp seeds).
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Figure 5a shows a full-genome alignment of the new (uncorrected) nanopore-based assembly to the 2012 
draft2, based on best pairwise matches. This confirms that at this large scale, all sequence in the new assembly is 
also present in the older assembly. At first sight, the converse does not appear to be the case: the Illumina-based 
draft is 923 Mbp in size, and contains approximately 96 Mbp in scaffolds that have no reciprocal best match 
in the nanopore assembly (863.3 Mbp after sequence addition, see Supplementary Table S3). However, the 
non-matching sequences consist almost exclusively of very small scaffolds (mean/N50 664/987 bp). Since the 
Illumina-based draft assembly also contains 134 Mbp in gaps, these small scaffolds are plausibly sequences that 
could not be integrated correctly during the SSPACE scaffolding process34, 35. Both assemblies therefore roughly 
span the entire predicted genome of 860 Mbp.

Figure 5b–f show detailed alignments, based on the 5 largest nanopore scaffolds (6.1–8.9 Mbp uncorrected) 
and their best matches only. These alignments confirm that in this sample both assemblies are mostly collinear, 
with the smaller Illumina draft scaffolds usually aligning end-to-end on the larger TULIP scaffolds. Therefore, 
both presumably reflect the actual genomic organization. However, at this level of detail several structural incon-
gruities between both assemblies also become apparent (indicated by arrowheads). For 16 scaffolds from the 
2012 draft, only part of the sequence is present in the selected TULIP scaffolds. In other words, at these loci both 
assembly protocols made different choices, based on the available sequencing information.

We therefore examined the evidence for the decisions made by TULIP. For each discrepancy, we examined 
the local neighbourhoods in the initial nanopore-based seed graphs (as in Fig. 3). If a draft scaffold is correct, at 
the inconsistency there should be multiple alternatives for the TULIP algorithm to choose from (Supplementary 
Fig. S2). As these subgraphs (Supplementary Figs S3–S7) show, there is no evidence in the nanopore data for the 
older draft structure for any of the 16 cases examined. On the contrary, most local graph neighbourhoods appear 
relatively simple and support unambiguous scaffolding paths. The links at these suspect junctions are supported 
by at least two (average six) independent nanopore reads, which reduces the likelihood of accidental connections 
(caused by e.g. chimeric reads).

Alternatively, the order of the draft scaffolds in the alignments already suggests which of the two assemblies 
is correct. If one of the 16 problematic scaffolds were to reflect the legitimate genome structure, this error in the 
new assembly would usually also affect the next aligning scaffold. However, in almost all cases, the neighbouring 
draft scaffold aligns end-to-end. This suggests that either the TULIP assembly intermittently features very large 
rearrangements that accidentally always end at draft scaffold boundaries, or that the draft scaffolds are occasion-
ally misconstrued.

The distribution of draft scaffolds along the nanopore-based scaffolds reveals an interesting pattern. The dis-
tribution of draft scaffold length along the genome is clearly non-random, with some regions assembled into 
just a few large scaffolds, whereas other regions (often up to a Mbp in size) are highly fragmented into very small 
scaffolds. This indicates that using short-read technology, certain genomic features are intrinsically harder to 
assemble than using long reads.

Finally, we assessed the completeness of the nanopore assembly using BUSCO36. This method assumes com-
plete assemblies to contain a high fraction of genes that are highly conserved in related species. From a set of 2586 
common vertebrate genes, BUSCO was only able to recover 78 complete and 106 fragmented genes (3.0% and 
4.1%, respectively). 92.9% of orthologues are missing from the nanopore assembly, indicating very poor com-
pleteness. In this case, however, this is a result of the sequence characteristics of ONT data.

Sequence correction.  Currently, the ONT platform does not yield reads of perfect sequence identity. Like 
with PacBio data, therefore, at some point in the assembly process the single-molecule-derived sequence needs to 
be corrected by extracting a consensus from multiple reads covering every genomic position. Here, we opted for 
a standalone post-assembly correction step with Racon, which extracts a consensus from nanopore reads23. As 
some positions in the assembly are based on a single nanopore read (Fig. 4e), in this case this correction may not 
be sufficient. Therefore, we subsequently corrected with Pilon, which extracts a consensus based on alignment of 
Illumina reads to the noisy sequence37, 38.

To assess the changes made by these correction algorithms, we counted and compared the occurrence of 
6-mers in the draft Illumina-based assembly, the uncorrected TULIP assembly, and after correction (Fig. 6). 
These frequencies reveal several expected patterns17, specifically a slight underrepresentation of high CG con-
tent in Illumina-based sequence (draft and Pilon), and an underrepresentation of homopolymer sequence in 
nanopore-based sequence (TULIP and Racon). Overall, the correction steps bring the sequence similarity of 
the nanopore-based assembly closer to the Illumina-based draft, with the final corrected assembly having a high 
correlation to the draft (Fig. 6 lower left panel).

Sequence correction also has a strong positive impact on the BUSCO completeness assessment. As BUSCO 
relies on the prediction of gene structures, small artefactual deletions and insertions might cause it to miss genes. 
After correction with Racon, the BUSCO scores increased to 10.8% complete, 21.6% fragmented and 67.6% miss-
ing; correction with Pilon resulted in a further increase to 77.5% complete, 14.1% fragmented and 8.4% missing. 
An additional round of Pilon polishing resulted in a BUSCO assessment of 79.8% complete, 12.9% fragmented 
and 7.3% missing.

Sequence correction remains the most time-consuming stage of the assembly process, requiring 22 and 
24 hours (on a single CPU) for Racon and Pilon, respectively (Supplementary Table S3). As TULIP bundles 
uncorrected scaffolds with its constituent nanopore reads, this process could still be sped up by parallelization, 
with individual scaffolds distributed over concurrent correction threads.

Discussion
In this study, we have evaluated whether it is possible to sequence a vertebrate genome using Oxford Nanopore 
long-read technology, and quickly assemble it by means of a relatively simple and lightweight procedure. Using 
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our original TULIP methodology, we were able to assemble the 860 Mbp genome of the European eel using 
18-fold nanopore coverage and sparse pre-selected Illumina reads in three and a half hours on a modest desktop 
computer. Including subsequent sequence correction, the entire process takes two days. This yields an assembly 
that is essentially complete and of high structural quality (Fig. 5).

Figure 5.  Full-genome alignment of the final assembly. (a) The final uncorrected scaffolds (N50 = 1.19 Mbp, y-axis) 
were aligned to the 2012 A. anguilla assembly (N50 = 77.6 kbp, x-axis) using nucmer51 with minimum match length 
100, filtered for best pairwise matches between scaffolds (delta-filter -1), and plotted using the mummerplot --layout 
option. The grey area corresponds to small scaffolds in the 2012 assembly that are not part of a best reciprocal 
match. (b–f) More detailed alignments between the five largest nanopore scaffolds (y-axes) and their best matches 
in the 2012 draft assembly (x-axes). Grey vertical lines indicate scaffold boundaries. These figures were generated 
in R (version 3.3.1) based on mummerplot output. 2012 draft scaffolds with minimal contributions to the overall 
alignment were removed manually. Arrowheads indicate discrepancies between both assemblies.
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One of the most striking outcomes of this eel genome sequencing effort is the close match between the genome 
size predicted from k-mer analysis (~860 Mbp) and the TULIP assembly (891.7 Mbp after corrections), and their 
distance from short-read-based assemblies. This can be explained either by the absence of a substantial fraction 
of the genome from the nanopore data or assembly, or by an artificially inflated genome size for the short-read 
assemblies. Full-genome alignment between both assemblies (Fig. 5a) suggests the latter phenomenon is at least 
partially responsible, as only tiny short-read scaffolds are absent from the long-read assembly. Furthermore, 
BUSCO analyses indicate the new assembly is approximately complete.

An analysis of the short-read A. anguilla2 and A. japonica35 assembly procedures implies that the scaffolding 
process, based on mate pair data, is responsible for the introduction of numerous gaps (Table 1). In addition, at 
the time we discarded a considerable fraction of the initial contigs, which was composed primarily of very small 
contigs that appeared to be artefactual (based on low read coverage or very high similarity to other contigs). 
Plausibly, such contigs – and the high residual fragmentation of these assemblies – are the result of the high levels 
of heterozygosity in these genomes (Supplementary Fig. S1).

Similar processes could also explain the even larger discrepancy between the predicted and assembled size 
of the recently published genome39 of the American eel A. rostrata (Table 1). As European and American eels 

Figure 6.  Sequence identity in nanopore-based assemblies. The sequence similarity to the older draft of 
different stages of the nanopore assembly process (uncorrected TULIP, corrected by Racon23, and additionally 
corrected by Pilon37, 38) is illustrated by 6-mer frequency counts (generated using Jellyfish46). With every point 
a discrete 6-mer, colours indicate CG-content, and open circles indicate the two homo-6-mers. Scales are 
logarithmic. Also shown are Pearson correlation coefficients between the frequency distributions.

http://S1
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interbreed in the wild40, a large difference in genome size is unlikely – although it could also provide an explana-
tion for the observed limited levels of gene flow between the species15.

The whole-genome alignments between the Illumina draft and the new nanopore-based assembly (Fig. 5) 
also serve to confirm the structural accuracy of both. In a representative sample (corresponding to of 4.2% of the 
genome), we observed 16 apparent assembly errors (Fig. 5b–f). In the absence of a high-quality reference, it is not 
straightforward to establish which assembly is correct. Our analyses, however, strongly suggest that in these cases 
the nanopore-based assembly is accurate. This is not unexpected: TULIP has access to far richer and more precise 
sequencing information than SSPACE, which had to rely on 2 × 36 bp mate pair data. Under such circumstances, 
a low number of incorrect joins between contigs is inevitable41. In fact, considering the fact that the SSPACE scaf-
folds analyzed in Fig. 5b–f consist of on the order of ten thousand very small contigs, a result with only 16 errors 
signifies better scaffolding performance than expected41.

In other aspects, the TULIP assembly is likely to be suboptimal. By design, scaffolds that could be merged 
based on long reads remain separate if these reads do not share a fortuitous seed alignment in the correct position. 
Similarly, large repetitive regions in the genome, as well as (sub) telomeric repeats will not always contain frequent 
285 bp islands of unique sequence, and hence could be absent from the assembly. Although counterintuitive, this 
should not pose a major problem for some extremely large genomes. Survey sequencing indicates that the 32 Gbp 
axolotl genome contains mostly unique sequence29, as do many tulip genomes (C. Henkel, unpublished data).

The selection of sparse seeds by the user adds an unusual level of flexibility to the assembly process. In an early 
phase of this study, we opted for essentially randomly placed Illumina-based seed sequences. This choice was moti-
vated by their very high sequencing identity, which aids alignment quality when working with noisy long reads. 
This strategy should work equally well with PacBio data or early, error-prone nanopore chemistries (i.e. R7.3).

The genome assembly generated here is a hybrid, incorporating two different sequencing technologies, three 
generations of nanopore sequencing, and two different animals. At the time, it was unavoidable to use a combina-
tion of multiple nanopore sequencing chemistries, as these rapidly replaced each other. Although the later R9 and 
R9.4 chemistries have better sequencing error profiles, they still retain structural biases that cannot be resolved 
by taking a consensus of nanopore data only (e.g. using Racon). In the final Pilon polishing stage, the nanopore 
data are therefore corrected using Illumina data obtained from a different eel specimen than used for nanopore 
sequencing. As the European eel is highly heterozygous (Table 2), in theory this generates a consensus between up 
to four different haplotypes. In practice, we expect this to have little influence on the quality of the final assembly, 
as the variation resulting from heterozygosity is much lower than the raw nanopore error rate. In other words, 
Pilon will treat SNPs and small indels not occurring in the Illumina data as sequencing errors to be corrected.

With the speed at which the quality of reads produced by the ONT platform is improving18, it should soon be 
possible to avoid a hybrid assembly incorporating short reads altogether. A natural choice for seed sequences would 
then be the ends of long reads. Alternatively, seeds could be chosen to facilitate further sequence integration. If a 
high density genetic map is available for a species, map markers could serve as pre-ordered seeds. For example, with 
minor modifications, TULIP might be used to selectively add long read sequencing data only to single map marker 
bins (containing thousands of actual, unordered markers) resulting from a population sequencing strategy42.

The bottleneck for such strategies lies in the interplay between marker density and nanopore read length, 
where the latter currently appears to be limited chiefly by DNA isolation protocols43, 44. Conceivably, in the near 
future, the problem of genome assembly from sequencing reads will all but disappear: abundant megabase-sized 
reads of high sequence identity are becoming possible, which should span the vast majority of recalcitrant regions 
in medium-sized genomes that remain a challenge to short- and medium-read technologies.

The fulfillment of such prophesies may still lie several years in the future. Therefore, we plan to further inte-
grate and validate the candidate assembly generated here with long-range information obtained from optical 
mapping45, in order to develop a high-quality reference genome for the troubled European eel.

Methods
Eel samples.  Two different European eels were used to generate the genome assembly. For all Illumina 
sequencing, a female specimen caught in Lake Veere, The Netherlands, was used. These data were previously used 
for the Illumina-based draft assembly2. For nanopore sequencing, a farmed female eel was obtained from Passie 
voor Vis, Sevenum, The Netherlands. As the European eel is a panmictic species16, these sequenced eels belong 
to the same population. The experiments were approved by the animal ethical commission of Leiden University 
(DEC #13060), and carried out in accordance with the relevant guidelines and regulations.

Genome size estimation and k-mer analyses.  We used Jellyfish46 version 2.2.6 to count k-mers in 
sequencing reads and assemblies. In order to estimate genome size, we obtained frequency histograms for 19- 
to 25-mers in raw Illumina sequencing data. Reads were truncated to a uniform length of 76 nt, except for A. 
japonica, for which we used 100 nt (the model did not converge for short lengths). For the American eel, which 
has been sequenced to much higher coverage than the European and Japanese species, we used a subset of the 
available data (NCBI Sequence Read Archive SRR2046741 and SRR2046672). Histograms were analyzed using 
the GenomeScope33 website in order to obtain estimates for genome sizes, heterozygosity and duplication levels.

Illumina seed selection.  We selected unique seed sequences from 11.9 Gbp in sequence previously gener-
ated at 2 × 151 nt on an Illumina Hiseq 2000 (NCBI Sequence Read Archive SRR5235521). Pairs were merged 
using FLASh47, requiring a minimum of 15 nt terminal overlaps, resulting in 29.16% merged fragments. In these, 
25-mers were counted using Jellyfish. We used a custom script to filter out all fragments that contained 25-mers 
occurring over 25 times in the remaining data. This corresponds to a maximum occurrence of approximately 
6.25× in the 860 Mbp genome. Finally, fragments were selected based on size (either 270 nt or 285 nt).
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MinION library preparation and sequencing.  High MW chromosomal DNA was isolated from 
European eel blood and liver samples using a genomic tip 100 column according to the manufacturer’s instruc-
tions (Qiagen). For each nanopore sequencing library, we used 2–3 μg genomic DNA, approximately twice the 
recommended quantity. In this way, we compensated for the decreased molar quantities of DNA ends at increased 
fragment lengths (see below).

First the DNA was sequenced on R7.3 flow cells. Subsequently multiple R9 and R9.4 flow cells were used to 
sequence the DNA. For R7.3 sequencing runs we prepared the library using the SQK-MAP006 kit from Oxford 
Nanopore Technologies. Briefly, high molecular weight DNA was sheared with a g-TUBE (Covaris) to an average 
fragment length of 20 kbp. The sheared DNA was repaired using the FFPE repair mix according to the manufac-
turer’s instructions (New England Biolabs, Ipswich, USA). After cleaning up the DNA with an extraction using 
a ratio of 0.4:1 Ampure XP beads to DNA the DNA ends were polished and an A overhang was added with the 
the NEBNext End Prep Module and again cleaned up with an extraction using a ratio of 1:1 Ampure XP beads to 
DNA the DNA prior to ligation. The adaptor and hairpin adapter were ligated using Blunt/TA Ligase Master Mix 
(New England Biolabs). The final library was prepared by cleaning up the ligation mix using MyOne C1 beads 
(Invitrogen).

To prepare 2D libraries for R9 sequencing runs we used the SQK-NSK007 kit from Oxford Nanopore 
Technologies. The procedure to prepare a library with this kit is largely the same as with the SQK-MAP006 
kit. 1D library preparation was done with the SQK-RAD001 kit from Oxford Nanopore Technologies. In short, 
high molecular weight DNA was tagmented with a transposase. The final library was prepared by ligation of the 
sequencing adapters to the tagmented fragments using the Blunt/TA Ligase Master Mix (New England Biolabs).

Library preparation for R9.4 sequencing runs was done with the SQK-LSK108 and the SQK-RAD002 kits 
from Oxford Nanopore Technologies. The procedure to prepare libraries using the SQK-RAD002 kit was the 
same as for the SQK-RAD001 kit. For SQK-LSK108 the procedure was essentially the same as for SQK-NSK007 
except that only adapters and no hairpins were ligated to the DNA fragments. As a consequence the final purifica-
tion step was done using Ampure XP beads instead of MyOne C1 beads. Libraries for R7.3 and R9 flow cells were 
directly loaded on the flow cells. To load the library on the R9.4 flow cell the DNA fragments were first bound to 
beads which were then loaded on the flow cell.

The MinKNOW software was used to control the sequencing process and the read files were uploaded to the 
cloud based Metrichor EPI2ME platform for base calling. Base called reads were downloaded for further process-
ing and assembly.

Nanopore read alignment.  From the base called read files produced by the Metrichor EPI2ME plat-
form sequence files in FASTA format were extracted using the R-package poRe version 0.17 (ref. 48). We used 
BWA-MEM49 (version 0.7.15-r1140) to align nanopore reads to selected seeds, using specific settings for each 
nanopore chemistry. The built-in -x ont2d setting (-k 14 -W 20 -r 10 -A 1 -B 1 -O 1 -E 1 -L 0) is too tolerant for 
newer chemistries. We therefore optimized alignment settings (-k and -W only) on small subsets to yield the high-
est recall (number of aligning reads) at the highest precision (number of seeds detected/number of alignments). 
With all other settings as before, this yielded the following parameters: -k 14 -W 45 (R7.3 2D); -k 16 -W 50 (R9 
1D); -k 19 -W 60 (R9 2D); -k 16 -W 60 (R9.4 1D).

Genome assembly using TULIP.  Currently, TULIP consists of two prototype scripts in Perl: tulipseed.perl 
and tulipbulb.perl (version 0.4 ‘European eel’). The tulipseed script constructs the seed graph based on input SAM 
files and a set seed length, and outputs a simplified graph and seed arrangements (scaffold models). tulipbulb 
adds seed and long read sequence to the scaffolds, and exports either a complete set of uncorrected scaffolds, or 
for each scaffold two separate files: the uncorrected sequence, and a FASTA ‘bundle’ consisting of all long reads 
associated with that scaffold.

For each scaffold, we used the long read bundle and Illumina data to polish it according to ONT guidelines 
(https://github.com/nanoporetech/ont-assembly-polish). We first corrected nanopore-derived scaffolds with 
nanopore data using Racon22, based on alignments produced by Graphmap50 version 0.3.0. Ultimately Racon 
sequence correction is performed by SPOA51, which is a partial order alignment algorithm that generates con-
sensus sequences.

Subsequently, we used previously generated2 Illumina data (NCBI Sequence Read Archive SRR5235521– 
SRR5235523), trimmed to Phred 30 quality values (using Sickle version 1.33, https://github.com/najoshi/sickle) 
in a second correction step using Pilon (version 1.21), an integrated software tool for assembly improvement37, 38. 
Pilon uses evidence from the alignment between short-read data and Racon-corrected scaffolds to identify events 
that are different in the draft genome compared to the support of short-read data.

All genome assembly steps and analyses were performed on a desktop computer equipped with an Intel Xeon 
E3-1241 3.5 GHz processor, in a virtual machine (Oracle VirtualBox version 4.3.26) running Ubuntu 16.04 LTS 
with 28 GB RAM and 4 processor threads available. For the final candidate assembly, the TULIP scripts required 
a maximum of 4.4 GB RAM.

Genome alignment.  Uncorrected scaffolds were aligned against the 2012 scaffolds using nucmer52 version 
3.23, with settings --maxmatch and --minmatch 100, filtered for optimal correspondence (delta-filter -1), and 
visualized using mummerplot (with the --layout option). The five largest scaffolds were likewise aligned against 
the 2012 scaffolds, but with settings encouraging longer alignments ( --breaklen 1000 and --minmatch 25) and 
not filtered. The 285 nt seeds were aligned against the 2012 draft scaffolds using BWA-MEM with default settings.

https://github.com/nanoporetech/ont-assembly-polish
https://github.com/najoshi/sickle
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BUSCO assembly assessment.  The completeness of the genome assemblies was tested with BUSCO36 
(version 3.0.0), which tries to find orthologues of a curated dataset of near-universal genes in new assemblies. A 
more complete assembly will result in a higher percentage of genes retrieved. As the European eel is a primitive 
teleost, we used the vertebrate-specific orthologue catalogue (vertebrata_odb9, creation date 13-2-2016, 2586 
genes) instead of actinopterygii_odb9, which is based predominantly on the genome sequences of advanced 
teleosts.

Data availability.  The nanopore sequencing data are available in the European Nucleotide Archive (acces-
sion number PRJEB20018). The Racon- and Pilon-corrected candidate assembly is available at http://www.eelge-
nome.com. The TULIP-scripts are available at https://github.com/Generade-nl
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